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I. INTRODUCTION
The transport modelling of tokamak plasmas is often based on the premise that the confinement of highly suprathermal ions, whether originating from fusion reactions, radio-frequency wave heating or neutral beam injection (NBI), is determined solely by the axisymmetric component of the equilibrium magnetic field and Coulomb collisions. In such cases the confinement is described as classical. It is well-established that the transport of bulk (thermal) ions and electrons is due predominantly to turbulence, but ions of sufficiently high energy are commonly assumed to undergo little or no turbulent transport. The basis for this assumption is that the the Larmor radii of such particles exceed the typical wavelengths of turbulent fields, which thus average to a value close to zero over a single gyration [1] . Similar arguments have been advanced to suggest that energetic ions are unlikely to be significantly affected by the presence of short wavelength magnetohydrodynamic (MHD) modes [2] . On the other hand energetic ions are potentially susceptible to non-classical transport due to toroidal ripple in the equilibrium magnetic field, which is an unavoidable consequence of the discrete nature of the toroidal field coils [3] . In general it is found that ripple-induced transport is very sensitive to the amplitude of the ripple perturbations to the magnetic field, which in turn depends on the number of toroidal field coils and their distance from the plasma.
As noted by Hinton [4] and Putvinskii [5] , cyclotron resonance with ripple field perturbations can give rise to additional ripple transport and loss, over and above that described by guiding centre calculations. The resonance condition for a static field perturbation, such as toroidal ripple, is [6] k v = Ω i ,
where k is the component of the ripple perturbation wave vector parallel to the magnetic field, v is the parallel component of the particle velocity, and Ω i is its cyclotron frequency.
The ripple wavelength is of the order of R/N, where R is distance from the tokamak symmetry axis and N is the number of coils. Hence cyclotron resonance occurs if ρ ≡ v /Ω i is approximately equal to R/N. For ions of a particular energy, this resonance is more likely to occur in spherical tokamaks than conventional tokamaks, since magnetic fields are typically much smaller in the former than in the latter [7] . Plasmas in the Mega-Ampère Spherical Tokamak (MAST) are heated using deuterium neutral beams, the deuterons having energies of up to about 70 keV when they first appear as ions in the plasma. The toroidal magnetic field in MAST is no higher than 0.52 T at the magnetic axis, located at R ≃ 0.85 m, and is produced by currents in N = 12 rectangular-shaped coils. For a 70 keV beam deuteron in MAST ρ ∼ R/N ∼ 0.1 m. Hence, the conditions for a particle-ripple cyclotron resonance are approximately satisfied, and the ripple transport of energetic beam ions could be significantly enhanced as a result of finite Larmor radius effects.
In the present paper we use a full orbit particle tracking code to quantify ripple transport of beam ions in MAST. One motivation for this study is that anomalous (i.e. non-classical) transport of beam ions, corresponding to particle diffusivities in the range 0.5-3.0 m 2 s −1 , have recently been invoked to account for experimentally-measured neutron rates and stored plasma energies in MAST [8, 9] . While there is some evidence of a correlation between high rates of beam ion transport and MHD activity, it is unclear whether the anomalous transport is due mainly to such activity; it is also possible that either turbulence or toroidal ripple could be affecting beam ion confinement. The contribution of ripple effects to beam ion transport is likely to be sensitive to the location of the outer plasma boundary R edge , since this determines how close the plasma is to the coils and hence the ripple amplitude inside the plasma. Since MAST plasmas are invariably much smaller than the vacuum vessel containing them, a wide range of values of R edge are in principle possible. It is therefore worthwhile to address the issue of how large MAST plasmas can be before ripple losses become unacceptably large.
After quantifying the ripple perturbations to the MAST equilibrium field in Sec. II, we present in Sec. III results obtained by tracking the full orbits of beam ions in MAST-like plasmas, taking account of both ripple and collisions. We discuss the significance of these results in Sec. IV.
II. TOROIDAL RIPPLE IN MAST
We assume that the ripple perturbation to the toroidal magnetic fieldB ϕ has a single, dominant toroidal harmonic and define a dimensionless ripple amplitude δ by the expression [6] 
where Z is vertical distance, B 0 is the vacuum toroidal field at the magnetic axis (R = R 0 , Z = 0) and ϕ is toroidal angle. The toroidal field coils on the outside of the MAST vacuum vessel are exactly vertical over the entire vertical extent of the plasma, with the result that the contours of constant ripple amplitude within the plasma also have this symmetry [10] . Specifically, it can be shown that the ripple amplitude within the plasma is well-approximated by the expression [7] 
where R coil is the mean major radius of the outer vertical legs of the toroidal field coils. The toroidal field perturbation thus becomes
and, since the total magnetic field B must be divergence-free, there is a also a radial field perturbationB
With these perturbations included in the total field, the Hamiltonion of a single charged collisionless particle depends explicitly on ϕ and hence the toroidal canonical momentum P ϕ is not an exact constant of its motion. Such particles are potentially subject to collisionless radial transport. Ripple transport is further enhanced by collisional pitch angle scattering [3] . In the case of MAST R coil ≃ 2.09 m and, as discussed previously, N = 12. With these parameters, the ripple amplitude given by Eq. (3) at the outer midplane edge of a typical MAST plasma (R edge ≃ 1.45 m) is approximately 1.2%. This is comparable to the projected maximum ripple amplitude on the last closed flux surface of plasmas in the proposed ITER device, which has been predicted to cause fusion α-particle losses of between 2% and 20%, depending on the magnetic shear profile [11] . This, combined with the cyclotron resonance effects discussed in Sect. I, suggests that the ripple in MAST could be sufficiently large to cause significant transport and loss of beam ions, with a consequent loss of beam heating and current drive efficiency.
Some indication of what to expect in MAST is provided by a numerical study [7] of collisionless ripple losses of fusion α-particles from a proposed spherical tokamak component test facility [12] . In a series of simulations the assumed number of toroidal field coils was varied from N = 7 to N = 20, the maximum ripple amplitude within the plasma varying from 0.8% to 0.0001%. Despite this large variation the computed loss rates for N ranging from 9 to 20 were found to be statistically indistinguishable (and well above the prompt rate), suggesting that the losses were being enhanced by finite Larmor radius effects, arising from either the ripple resonance given by Eq. hand the ripple amplitude is about 20 times higher in MAST, and so one might expect ripple resonance effects on fast ion transport to be more significant.
III. PARTICLE SIMULATIONS

A. MODELLING OF COLLISIONS
As noted previously, ripple transport can be significantly enhanced by collisions. In principle this process can be described using a suitable Fokker-Planck equation [13] ; in the present paper we instead track individual full particle orbits, taking collisions into account. The CUlham Energy-conserving orBIT (CUEBIT) code [14] has recently been modified to include the collisional interaction of suprathermal test-particles with a Maxwellian population of field particles. In particular the anisotropic character of this interaction (random accelerations due to collisions with more slowly-moving field particles are typically greater in directions orthogonal to the instantaneous velocity vector v of the particle than they are along v [15] ) has been incorporated into the code. This is necessary in order to model accurately the slowingdown and transport of beam ions in tokamaks, since they are typically born with energies in the tens or hundreds of keV range in plasmas with ion temperatures no greater than about 10 keV. CUEBIT is used to solve the Lorentz force equation in cartesian coordinates that are fixed in the laboratory; the random accelerations in the three cartesian directions can be related to those parallel (a ) and perpendicular (a ⊥ ) to v by a rotation matrix. The quantities a and a ⊥ are sampled from Gaussian distributions with zero means and variances determined by the requirement that the set of stochastic orbit equations solved using the code be equivalent to the appropriate Fokker-Planck equation [16] . We may write the collision terms in this equation in the form
where f is the distribution function of the test-particle species, and the components of the friction vector A and the diffusion tensor D depend only on the prescribed parameters of a field particle distribution. Using cartesian velocity space coordinates, with the x-direction taken to be parallel to v, the diffusion tensor has the following non-zero components for the case of collisions between suprathermal hydrogenic beam ions and Maxwellian bulk ions of the same species with zero mean flow [17] :
where n i is bulk ion density, e is proton charge, ln Λ is the Coulomb logarithm, ǫ 0 is free space permeability, m i is ion mass, v is test-particle speed,
where T i is bulk ion temperature, φ is the error function and
If the orbit equation is approximated by a finite difference equation with time step δt, it is straightforward to show from the standard theory of stochastic differential equations [16] that the required variances of the parallel and perpendicular random accelerations are given by
where
is a velocity-independent collision time. In the limit v/v i → 0 these expressions reduce to
, which are the appropriate variances for test-particles whose speeds are lower than the thermal speed of the species with which they are colliding [18] .
The slowing-down rate due to collisions with bulk ions is given by [17] 
We take this process into account in our simulations, together with slowing-down due to collisions with electrons and random accelerations due to collisional interactions with this species. However we neglect the possibility of beam ions being lost due to charge-exchange with neutral atoms.
For the purpose of modelling the collision processes described above, the plasma temperature was assumed to have the same value for bulk ions and electrons, and to vary linearly with poloidal flux from 1.3 keV at the magnetic axis to 100 eV at the last closed flux surface. To approximate conditions in typical MAST plasmas with co-current NBI (see e.g. Fig. 4 in Ref. [8] ), the plasma density profile was assumed to be somewhat flatter, varying as the square root of poloidal flux (defined as zero at the magnetic axis and increasing monotonically to the plasma edge), and ranging from 3 × 10 19 m −3 at the axis to 10 18 m −3 at the edge.
In the collisionless limit and in the absence of electric fields, particle energy is always conserved to machine accuracy in CUEBIT, whereas P ϕ is conserved (in the case of axisymmetric equilibria) to an accuracy that depends on the choice of Ω i δt. In making this choice care must be taken to ensure that changes in P ϕ are due principally to either collisions or ripple rather than truncation error in the orbit-following algorithm. Since, for comparison purposes, we will present results from simulations with zero ripple, the requirement is that the departure of P ϕ from its initial value due to collisions alone should exceed that due to truncation error. It is apparent from the definition of collisional slowing-down time τ slow that in a finite time interval ∆t there is a collisionally-induced change in toroidal velocity v ϕ given by ∆v ϕ ∼ (∆t/τ slow )v ϕ . Now P ϕ = m i Rv ϕ + eψ where ψ is poloidal flux (defined such that the poloidal magnetic field is ∇ψ × ∇ϕ), and beam ion energies in MAST are such that the two terms in P ϕ are comparable in magnitude. It follows that collisionally-induced changes in P ϕ are given approximately by
Slowing-down times in MAST are typically a few tens of milliseconds. Tracking collisionless beam ion orbits in axisymmetric MAST-like equilibria for 50 ms, we found that P ϕ was conserved to an accuracy of about one part in 10 4 when δt was set equal to 3% of a cyclotron period, but the numerically-induced values of ∆P ϕ /P ϕ over the same timescale were found to approach unity when δt was increased to 10% of 2π/Ω i . For this reason, all of the simulations reported in this paper were performed with Ω i δt/2π = 0.03.
B. RESULTS
CUEBIT was used to track the full orbits of beam ions with a range of initial energies up to about 65 keV in a model MAST equilibrium comprising an axisymmetric component, computed using a Grad-Shafranov solver named GS2D [19] , and the ripple fields given by Eqs. (4) and (5) . For this equilibrium the plasma current is 726 kA and B 0 = 0.43 T. 
although experiments have been performed with the plasma shifted vertically so that the center of the beamline lies below or above the plasma midplane [8] . The plasma density profile in MAST is such that the majority of beam atoms are ionized well before they reach the tangency radius, and in fact many are born within a few centimeters of the outer plasma edge. Such particles encounter a relatively high ripple amplitude, and moreover are susceptible to being lost from the plasma in the presence of either collisions or ripple. This point is illustrated by Fig. 2 , which shows the projections onto the poloidal plane of the collisionless orbits of beam ions that are (a) well-confined and (b) marginally-confined. In computing these orbits the ripple contributions to the magnetic field were neglected. Figure  2 indicates the extent of the poloidal cross-section sampled by some beam ions immediately after their appearance in the plasma, and also the fact that these particles typically have Larmor radii that are a significant fraction of the plasma minor radius. In general the beam ion deposition profile extends up to the plasma edge. The beam ions whose orbits were tracked in the simulations were born with velocity vectors directed along the beamlines indicated in Fig. 1 , and an energy distribution consisting essentially of six delta-functions at energies E 1 ≃ 65 keV, E 2 ≃ 51 keV, E 1 /2, E 2 /2, E 1 /3 and E 2 /3. Birth energies that are fractions of the highest value for each injector (E 1 and E 2 ) result from the breakup of diatomic and triatomic ions, which are always present to some extent in the beam injector system [20] ; however most of the beam ions in the simulations were born at the highest two energies.
The effect of toroidal ripple on beam ion confinement in the model MAST equilibrium was quantified by launching a total of N 0 = 28, 000 test-particles, sampled randomly from the deposition profile shown in Fig. 1 , tracking their orbits for several tens of milliseconds, and recording as a function of time the number of particles remaining in the plasma N b (t), with and without toroidal ripple taken into account. A particle was considered to be lost if it crossed the last closed flux surface at any point on its trajectory. The results are shown in Fig. 3 . The divergence of the solid curve (finite ripple) from the dashed curve (zero ripple) makes it clear that ripple effects are causing a measurable degradation in confinement. At the end of the simulations, the cumulative additional particle losses due to ripple amount to approximately (0.7 ± 0.1)% of N 0 (separate simulations were in fact carried out with three independently-chosen sets of initial particle parameters; the estimated error in the cumulative ripple loss is based on a comparison between results obtained with and without ripple for these three parameter sets).
The decay rate of N b provides a simple measure of the confinement time τ c in the two cases. Defining a confinement time τ c by writing N b (t) = N 0 (1 − t/τ c ), we infer from Fig.   3 that τ c = 237 ms ,
when the transport is determined solely by collisions, and
when ripple transport is also taken into account. While both values of τ c are broadly consistent with classical confinement, the ripple value is significantly lower than the no-ripple value. In view of the large ρ * of the beam ions, their transport is unlikely to be purely diffusive. We can, however, make a rough estimate of the average effective beam ion diffusivity D b by taking the MAST minor radius a ≃ 0.65 m to be a diffusive length scale, so that
Evaluating this quantity for the confinement times given in Eqs. (14) and (15), and taking the difference, we estimate the anomalous diffusivity due to ripple transport to be
This is significantly lower than the anomalous diffusivity found by Turnyanskiy, Valovič and co-workers [8, 9] to be required to explain experimental results in MAST (0.5-3.0 m 2 s −1 ), and in fact it is likely to be an overestimate since the distance from the center of the beam deposition profiles to the plasma edge is smaller than a (cf. Fig. 1 ). We deduce that, at most, only a small fraction of the anomalous transport deduced in Ref. [8] is attributable to toroidal ripple.
Further information on the interplay between collisions and ripple effects can be obtained by computing the energy distributions of the lost ions. Specifically, the energies of the lost ions were recorded and binned in 3.3 keV intervals up to 70 keV; the results are shown in Fig. 4 . The highest number of losses occur promptly, on sub-collisional timescales, and thus occur close to the birth energies. Differences between the distributions with and without ripple taken into account are most apparent when the beam ions have slowed down to energies substantially below the birth energies (in particular the primary birth energies of 51 keV and 65 keV), suggesting that collisional effects are contributing to the ripple transport [3] .
The (R, Z) coordinates of each particle at the point where it crossed the last closed flux surface were also recorded, enabling us to plot the poloidal distribution of the losses, as shown in Fig. 5 . For the purpose of generating this figure, the poloidal angle was defined as
No losses at all occurred inboard of the magnetic axis, which is why the range of poloidal angles in Fig. 5 is restricted to −90 • < θ < 90
• . There are two distinct peaks in each distribution, one above the midplane and centered on θ ≃ 30 • , the other having a maximum close to the midplane. Only in the latter case do we see significant differences between the simulations with ripple (solid curve) and without ripple (dashed curve). The peak above the midplane is due mainly to prompt (first orbit) losses of beam ions born close to the last closed flux surface, which occur too rapidly for either collisions or toroidal ripple have any significant effect. Non-prompt losses, on the other hand, occur due to the combined effects of collisions and ripple.
It is significant that the ripple enhancement of the non-prompt losses (indicated by the difference between the curves in Fig. 5 ) also peaks close to the midplane, because this suggests that ripple trapping is not contributing to the loss rate. Ripple-trapped particles are generally lost rapidly from the plasma due to a vertical drift in the grad-B drift direction [3] , which is downward in the case of the equilibrium used in our simulations. Thus if ripple-trapping were occurring to any significant extent, we would expect to see additional losses in the ripple case occuring well below the midplane. The fact that no such losses are observed, whereas we do observe a ripple-induced enhancement in the losses close to the midplane, implies that banana-drift diffusion may be playing a role [3] . This arises from an oscillation in particle poloidal velocitiesθ induced byB ϕ , which in turn causes an oscillation in the bounce position of trapped particles, and hence in the maximum radial excursion of the particle. As in the case of an unperturbed trapped orbit, the maximum excursion occurs in the outer midplane, and so this is where any losses tend to peak. A diffusion coefficient describing this process is derived in Ref. [3] ; this is not directly applicable to the simulations described here, since it requires that collisions are sufficiently rapid to decorrelate the ripple phase at successive trapped particle bounces (the "ripple-plateau" regime). The collision rate of energetic beam ions in MAST is too low for this condition to apply. However even an oscillatory (non-diffusive) motion of the maximum radial excursion would be expected to give rise to particle losses if the unperturbed orbits are already close to the plasma boundary; it is evident from Figs. 1 and 2 that this is the case in our simulations.
Further evidence for this interpretation of the losses is provided by Fig. 6 , in which the poloidal angle and energy of each lost particle is recorded at the instant it crosses the last closed flux surface. The dense vertical lines on this plot, at the birth energies of the various beam components, arise from the prompt losses discussed above; these occur most frequently above the midplane, although some prompt losses are also observed at θ < ∼ 0
• , particularly at the highest injection energies. In contrast, most of the delayed losses (indicated by points lying between the birth energies) occur close to the midplane. The fact that so many of the losses are prompt may help to explain the low level of ripple losses from a plasma with a relatively high ripple amplitude (∼ 1%) at the outer midplane edge: the beam ions that are born close enough to the edge to encounter the highest ripple field have large normalised
Larmor radii (cf. Fig. 2b) , and are consequently lost promptly whether the ripple is present or not. Those that are left encounter a significantly smaller ripple field, on average, and are thus subject to a relatively low level of ripple transport. This effect is likely to be further enhanced by charge-exchange losses, which also become increasingly likely to occur towards the plasma edge. In a plasma with perfect collisional confinement, energetic particles would be completely thermalised within the plasma, and would then be lost slowly through neoclassical processes. Since initial fast ion energies are, by definition, much higher than thermal energies, the fraction of beam heating power lost from the plasma due to collisional and ripple transport can be estimated very easily by summing the energies of lost particles when they cross the last closed flux surface, and dividing this by the aggregate initial energy of all the simulated particles. Performing these calculations for the simulations described above, and subtracting the figure for the ripple case from that obtained without ripple, we estimate the ripple-induced power loss fraction to be approximately 0.8%. However, as noted previously, ripple transport is generally found to be very sensitive to the distance between the plasma and the toroidal field coils. To gauge this sensitivity, we have carried out a set of longer simulations, each covering a period of approximately 90 ms, using the equilibrium described above, and equilibria that are modified by decreasing and increasing the major radii by about 5%, giving three different values of R edge . The values of poloidal flux and RB ϕ , where B ϕ is the equilibrium toroidal magnetic field, were left unchanged, but the plasma safety factor q was slightly modified. The major radii of the beam ion birth positions were also rescaled to ensure in each case that the model deposition profile extended to the plasma edge. In each case 10,000 test particles were simulated. As before, simulations were performed with and without ripple, and the ripple-induced power loss fraction estimated. Results obtained for the three values of R edge are listed in Table 1 . We note that increasing the plasma size by a few centimetres can increase the power loss fraction by more than a factor of three, indicating a high degree of sensitivity to the value of R edge , as expected. By the end of these simulations, essentially all the particles that are being lost have been fully thermalised, i.e. they have energies of the order of the temperature close to the plasma edge. Theoretically-calculated diffusivities for particles of a given species are strongly-increasing functions of particle velocity in both the ripple-plateau [3] and collisional ripple well trapping [21] regimes. Hence ripple transport is predicted to be much lower for thermalised ions than it is for energetic ions, and therefore we would not expect the figures in Table 1 to rise significantly with longer simulation times.
Indeed calculations of the power loss fraction based solely on losses occurring in the first 30 ms of each simulation yield similar results.
IV. CONCLUSIONS AND DISCUSSION
We have used a full orbit test-particle approach to determine the transport of beam ions due to toroidal ripple in MAST, taking into account collisional interactions with electrons and bulk ions. For a typical MAST plasma, we have estimated the anomalous diffusivity arising from ripple effects to be at most 0.1 m 2 s −1 , indicating that such effects cannot account for the bulk of the anomalous transport ascribed to beam ions in MAST. Despite the relatively high Larmor radii of beam ions in MAST, there are no indications that finite Larmor radius effects cause a significant increase in ripple transport. Analysis of the distributions of losses in energy and poloidal angle, indicating that delayed losses mostly occur close to the midplane, suggests that the ripple-induced losses are most likely to be due to banana-drift diffusion, with ripple trapping playing little or no role. We have also found that the power loss fraction due to ripple transport depends sensitively on the major radius of the outer midplane plasma edge R edge , rising to more than 2% when R edge ≃ 1.5 m.
The sensitivity of ripple losses to the value of R edge should be taken into account in any plans to operate large plasmas in MAST, although it is important to note that any nonambipolar loss of energetic particles from a tokamak plasma quickly leads to the establishment of a radial return current, carried by either bulk or impurity ions, the Ohmic dissipation of which at least partly compensates for the reduction of direct collisional heating arising from the loss of beam ions [22] . Indeed MAST plasmas with counter-current NBI, and hence a very high rate of prompt beam ion losses, have been observed to have energy confinement times higher than those of comparable plasmas with co-injection [23] . The Lorentz force associated with the return current also causes counter-current toroidal rotation, which in turn produces an inward-directed radial electric field [22] ; the formation of strongly-negative radial electric fields has been found in MAST to be closely correlated with transitions from low to high confinement regimes [24] . Moreover the production of a significant counter-current torque by enhanced ripple losses has been clearly demonstrated in the Joint European Torus (JET) experiment [25] . Thus, there are reasons to believe that non-ambipolar ripple losses could in fact have beneficial effects on plasma confirement.
As noted in Sect. I, this study was motivated in part by a desire to identify a mechanism for the anomalous beam ion transport in MAST reported in Ref. [8] . The choice of strategies for reducing this transport depends on what is causing it. One could, for example, attempt to minimise or eliminate fast particle transport due to fishbone instabilities by reducing the plasma current (i.e. increasing the plasma safety factor q) to avoid this particular class of instability. Such an approach is likely to increase ripple losses, since these are generally greater in advanced scenario plasmas with high central q [11] , and there is evidence of a correlation between beam ions losses and q in MAST [9] . However, for typical MAST values of R edge the level of ripple losses is sufficiently low that somewhat higher levels could perhaps be tolerated, particularly in view of the possible beneficial effects of such losses noted above. 
